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Abstract 
 
The earthquake ground motions recorded during this earthquake are examined in terms of the 
peak horizontal accelerations and peak horizontal velocities recorded at three generalized site 
conditions.  The data suggest a dependence of these parameters on local site conditions; this 
dependence appears similar to that observed in previous earthquakes, such as the 1971 San 
Fernando earthquake.  Examination of the spectral shapes at the stiffest site category 
indicates that these sites exhibit nonlinear behavior at the levels of shaking examined (0.3g, 
0.4g and 0.7g).  Finally, the peak horizontal accelerations recorded in this earthquake are 
compared to those calculated using attenuation relationships that had been derived prior to 
this earthquake.  These comparisons indicate that the values recorded during the Chi-Chi 
earthquake are: (i) about 30% of the calculated values at distances less than about 4 km from 
the rupture surface; (ii) about 70% of the calculated values at distances ranging from about 4 
to 20 km; (iii) almost identical to the calculated values at distances ranging from about 20 to 
40 km; and (iv) about 50% of the calculated values at distances greater than about 40 km. 
 
These preliminary findings suggest the need to investigate the subsurface conditions at as 
many of the recordings stations as possible to finalize the site categories and to confirm or 
modify the findings reached herein.  The recordings obtained in the larger aftershocks need to 
also be examined to provide further information about the differences in the motions recorded 
during the Chi-Chi earthquake and those obtained in other earthquakes. 
 
 
 
(a) Proceedings, International Workshop on the Annual Commemoration of the Chi-Chi 
Earthquake, C-H Loh & W-I Liao, Editors, National Center for Research on Earthquake 
Engineering (NCREE), Taipei, Taiwan, September 18-20, 2000, Volume III, pp 9 – 22  
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Introduction 
 
The Chi-Chi earthquake occurred on the Chelungpu fault on September 21, 1999; the 
moment magnitude of the main shock was 7.6.  The motions generated by the main shock of 
this earthquake were recorded at the 387 strong motion stations shown in Fig. 1; the 
recordings from the main shock were made available shortly after the earthquake (Lee et al, 
1999).  The local site condition at each recording station was estimated based on examining 
the station location on geologic map of Taiwan.  The four generalized site categories listed in 
Table 1 were defined by Cheng and Lee (2000), who also assigned a site category to each 
station by locating the recording stations on a geologic map.   
 

Table 1 Site Categories at Strong Motion Stations 
(After Cheng and Lee, 2000) 

 
Category Generalized Description Generalized Geologic Designation 

B Rock or Rock-Like Miocene and pre-Miocene 
C Stiff Soil Pliocene to Pleistocene 
D Soil (other than C or E) Late-Pleistocene to Recent 
E Soft Soil Late-Pleistocene to Recent 

 

 
Fig. 1 Locations of Strong Motion Recording Stations in Taiwan 
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Fig. 2. Fig. 2 Distribution of Strong Motion Recording Stations in Terms  

of Site Category and Distance from the Rupture Surface 
 
The number of stations for each site category is shown in Fig. 2 as function of distance.  The 
geometric mean of the peak horizontal accelerations and horizontal velocities at each station 
are presented in Fig. 3.   

 
Fig. 3 Peak Horizontal Accelerations and Velocities of Motions Recorded 

at Various Sites during the Chi-Chi Earthquake 
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Peak Horizontal Accelerations and Velocities 
 
Recorded Peak Horizontal Accelerations 
 
The peak horizontal accelerations recorded at category B sites are shown in Fig. 4.  The curve 
representing the derived median values using the data points for distances, R, beyond 4 km is 
also shown in the figure.  Similar plots and curves for data recorded at Category D sites (for 
R ≥ 8 km) and for Category E sites (for R ≥ 10 km) are presented in Fig. 5 and in Fig. 6, 
respectively. 

 
Fig. 4 Peak Horizontal Accelerations and Derived Median Curve for  

Motions Recorded at Category B Sites 
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Fig. 5 Peak Horizontal Accelerations and 

Derived Median Curve for Motions 
Recorded at Category D Sites 

 
Fig. 6 Peak Horizontal Accelerations and 

Derived Median Curve for Motions 
Recorded at Category E Sites  

 
The derived equations of the median, together with the applicable distance range, for 
Category B, D and E sites are listed in Table 2. 
 

Table 2 Derived Equations for Median Peak Horizontal Acceleration for 
Category B, D & E Sites 

 
Category Applicable Distance, R Equation for Median Acceleration, a, in g's 

B 4 ≤ R ≤ 150 km (((( )))) (((( ))))10RLn465.1470.3aLn ++++−−−−====  
D 8 ≤ R ≤ 120 km (((( )))) (((( ))))10RLn145.1226.2aLn ++++−−−−====  
E 10 ≤ R ≤ 100 km (((( )))) (((( ))))10RLn677.0153.0aLn ++++−−−−====  

 
Influence of Local Site Conditions on Peak Horizontal Accelerations 
 
The data shown in Figs. 3 through 6 indicate a definite influence of the local site conditions 
on peak horizontal accelerations.  This influence is illustrated in Fig. 7, which shows the 
variations of peak horizontal accelerations at Category D and Category E sites in relation to 
the peak horizontal accelerations at Category B sites.  Also shown in Fig. 7 are the variations, 
based on data recorded in the 1971 San Fernando earthquake, of peak horizontal accelerations 
obtained at deep soil sites (which are probably comparable to Category C or possibly 
Category D sites) in relation to peak horizontal accelerations recorded at rock or rock-like 
sites (which are probably comparable to Category B sites).  The information presented in Fig. 
7 provides the following observations: 
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• The median horizontal peak accelerations at Category D sites are larger than those at 
Category B sites for levels of shaking less than about 0.1g, but are smaller at higher 
levels of shaking. 

 
• The trend obtained for deep soil sites in the 1971 San Fernando earthquake are similar 

to those obtained at Category D sites in the 1999 Chi-Chi earthquake. 
 

• The median horizontal peak accelerations at Category E sites are somewhat larger 
than those at Category B sites for levels of shaking less than about 0.07g, but are 
significantly smaller at higher levels of shaking. 

 
Fig. 7 Variations of Median Peak Horizontal Accelerations for 

Various Site Conditions with Those on Rock or Rock Like Sites 
 
Recorded Peak Horizontal Velocities 
 
The peak horizontal velocities recorded at category B sites are shown in Fig. 8.  The curve 
representing the derived median values using the data points for distances, R, beyond 4 km is 
also shown in the figure.  Similar curves for data recorded at Category D sites and for 
Category E sites were obtained.  The derived equations of the median velocity, together with 
the applicable distance range, for Category B, D and E sites are listed in Table 3. 
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Table 3 Derived Equations for Median Peak Horizontal Velocity for 
Category B, D & E Sites 

 
Category Applicable Distance, R Equation for Median Velocity, v, in cm/sec 

B 4 ≤ R ≤ 150 km (((( )))) (((( ))))5RLn012.1465.6vLn ++++−−−−====  
D 8 ≤ R ≤ 120 km (((( )))) (((( ))))5RLn909.0421.6vLn ++++−−−−====  
E 10 ≤ R ≤ 100 km (((( )))) (((( ))))5RLn736.0149.6vLn ++++−−−−====  

 
Fig. 8 Peak Horizontal Velocities and Derived Median Curve for  

Motions Recorded at Category B Sites 
 
Influence of Local Site Conditions on Peak Horizontal Velocities 
 
The data shown in Fig. 3 indicate a definite influence of the local site conditions on peak 
horizontal velocities.  This influence is illustrated in Fig. 9, which shows the variations of 
peak horizontal velocities at Category D and Category E sites in relation to the peak 
horizontal velocities at Category B sites.  The information presented in Fig. 9 provides the 
following observations: 
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• The median horizontal peak velocities at Category D sites are larger than those at 
Category B sites for all levels of shaking. 

 
• The median horizontal peak velocities at Category E sites are larger than those at both 

Category B and Category D sites for all levels of shaking. 
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Fig. 9 Variations of Median Peak Horizontal Velocities at 
Category D and E Sites with Those at Category B Sites 

 
Spectral Shapes 
 
The spectral ordinates for a selected number of recordings at Category B sites were examined 
to evaluate the influence of the level of shaking on the spectral shape, i.e., plot of the spectral 
acceleration divided by the zero period acceleration (zpa) versus period.  Recordings at the 
Stations listed in Table 4 were used for this purpose.  The average spectra for each set are 
shown in Fig. 10; note that the average zpa for each set was rounded to the nearest 0.1g.   
 
The spectral shapes shown in Fig. 10 indicate a significant shift in the frequency content 
toward the longer periods (lower frequencies) as the level of shaking increases.  This trend is 
suggestive of nonlinear behavior of the strata underlying the recording stations.  It will be 
necessary to investigate the subsurface conditions at these stations to fully assess the trends 
shown in Fig. 10.   
 
The spectral shape for average zpa of 0.3g shown in Fig. 10 for Category B sites is compared 
in Fig. 11 to the spectral shape obtained for Category D Stations, whose average acceleration 
is also about 0.3g.  The Category D Stations used are listed in Table 5.  The results shown in 
Fig. 11 are indicative of the softer nature of category D sites compared to category B sites. 
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Table 4 Records Used for Obtaining Spectral Shapes 
Category B Sites 

 
 

Set No. 
 

Station 
Zero Period 

Acceleration (zpa) - g 
Average zpa 
for the Set - g 

CHY080 0.833 
TCU065 0.674 

 
1 

TCU084 0.660 

 
0.712 
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TCU067 0.399 
TCU072 0.424 

 
2 

TCU078 0.372 
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TCU089 0.286 
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Fig. 10 Variations of Spectral Shapes with Level of Shaking for Motions 
Recorded at Category B Sites 

 
Table 5 Records Used for Obtaining Spectral Shapes 

Category D Sites 
 

 
Station 

Zero Period 
Acceleration (zpa) - g 

Average zpa 
for the Set - g 

CHY006 0.357 
CHY034 0.273 
CHY101 0.368 
TCU049 0.262 
TCU075 0.295 
TCU076 0.386 

 
 

0.32 
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Fig. 11 Comparison of Spectral Shapes for Motions Recorded at 
Category B and at Category D Sites with Average zpa ≈ 0.3g 

 
Comparison With Spectral Shapes for Recordings from the 1994 Northridge Earthquake 
 
The spectral shapes for motions recorded at deep soil sites in the 1994 Northridge earthquake 
also provided similar trends to those discussed above for the motions recorded at Category B 
sites in the Chi-Chi earthquake.  The spectral shapes for the Northridge motions are presented 
in the top part of Fig. 12.  The middle and the lower parts of Fig. 12 show comparisons of the 
spectral shapes for the Northridge and the Chi-Chi motions at comparable levels of shaking. 
 
The middle part of Fig. 12 shows this comparison at a zpa ≈ 0.3g; the two spectral shapes are 
almost identical.  The lower part of the figure shows this comparison at a zpa ≈ 0.7g; the two 
spectral shapes are similar but are distinctly different over a significant period range.  Once 
the subsurface conditions at the Chi-Chi sites are ascertained more fully (by drilling and 
measurement of shear wave velocities) it will be possible to examine the similarities and the 
differences shown in Fig. 12. 
 
Comparison of Recorded Peak Horizontal Accelerations with Attenuation Relationships 
Derived Prior to the Chi-Chi Earthquake 
 
The peak horizontal accelerations of the motions recorded at Category B sites were compared 
to those calculated using the attenuation relationship by Abrahamson and Silva (1997) and 
the attenuation relationship by Idriss (1999).  Both relationships had been derived prior to the 
Chi-Chi earthquake.  The majority of the data used to derive these attenuation relationships 
were recorded in California.   
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Fig. 12 Spectral Shapes for Motions Recorded at Deep Soil Sites in the 1994 Northridge 
Earthquake and Comparison of these Spectral Shapes with Corresponding Shapes for 

Motions Recorded at Category B Sites in the Chi-Chi Earthquake 
 
The equation derived by Abrahamson and Silva for calculating the median peak horizontal 
accelerations for a magnitude 7.6 earthquake occurring on a reverse source (but excluding the 
hanging wall effect) is given below: 
 

(((( ))))22 6.5RLn941.07272.1)a(Ln ++++−−−−====  
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Fig. 13 Residuals Calculated Using Attenuation Relationship by 
Abrahamson & Silva (1997) – Category B Sites 
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Fig. 14 Residuals Calculated Using Attenuation Relationship by 
Idriss (1999) – Category B Sites 

 
The equation derived by Idriss for calculating the median peak horizontal accelerations for a 
magnitude 7.6 earthquake occurring on a reverse source is given below: 
 

(((( ))))10RLn1782.18612.2)a(Ln ++++−−−−====  
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In both equations, a is the peak horizontal acceleration (geometric mean of the two horizontal 
components), and R is the closest distance to the rupture surface. 
 
These equations were used to calculate the estimated peak horizontal acceleration at each 
Category B site and hence the corresponding residual.  The residuals obtained using the 
attenuation relationship by Abrahamson and Silva are presented in Fig. 13 and those obtained 
using the attenuation relationship by Idriss are presented in Fig. 14.  The average residual 
over selected distance ranges are also shown in each figure.  The results shown in Figs. 13 
and 14 offer the following observations: 
 

• The two attenuation relationships provide almost the same results for this event, with 
the relationship by Abrahamson and Silva being slightly more conservative. 

 
• The peak horizontal accelerations recorded in this earthquake, at distances less than 

about 4 km from the rupture surface, are about 30% of those calculated using the 
attenuation relationships that had been derived prior to this earthquake. 

 
• The recorded accelerations, at distances ranging from about 4 to 20 km, are about 

70% of the calculated values. 
 

• The recorded accelerations, at distances ranging from about 20 to 40 km, are almost 
identical to the calculated values. 

 
• The recorded accelerations, at distances beyond about 40 km, are about 50% of the 

calculated values. 
 
The recordings obtained in the larger aftershocks need to also be examined to provide further 
information about the differences in the motions recorded during the Chi-Chi earthquake and 
those obtained in other earthquakes. 
 
Summary and Conclusions 
 
The earthquake ground motions recorded during this earthquake were examined in terms of 
the peak horizontal accelerations and peak horizontal velocities recorded at three generalized 
site conditions.  The data suggest a dependence of these parameters on local site conditions; 
this dependence appears similar to that observed in previous earthquakes, such as the 1971 
San Fernando earthquake.   
 
Examination of the spectral shapes at the stiffest site category indicates that these sites exhibit 
nonlinear behavior at the levels of shaking examined (0.3g, 0.4g and 0.7g).  The trends 
observed in the Chi-Chi earthquake are similar to those that had been observed in the 1994 
Northridge earthquake. 
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The peak horizontal accelerations recorded in this earthquake were compared to those 
calculated using attenuation relationships that had been derived prior to this earthquake.  The 
results of these comparisons (in terms of residuals) indicate that the values recorded during 
the Chi-Chi earthquake are: (i) about 30% of the calculated values at distances less than about 
4 km from the rupture surface; (ii) about 70% of the calculated values at distances ranging 
from about 4 to 20 km; (iii) almost identical to the calculated values at distances ranging from 
about 20 to 40 km; and (iv) about 50% of the calculated values at distances larger than about 
40 km. 
 
These preliminary findings suggest the strong need to fully investigate the subsurface 
conditions at as many of the recordings stations as possible to finalize the site categories and 
to confirm or modify the findings reached based on these preliminary examinations of the 
available data.  The recordings obtained in the larger aftershocks need to also be examined to 
provide further information about the differences in the motions recorded during the Chi-Chi 
earthquake and those obtained in other earthquakes. 
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